The frequent production of the hepatotoxin microcystin and its impact on the life-style of 15 bloom-forming cyanobacteria are poorly understood. Here we report that microcystin 16 interferes with the assembly and the subcellular localization of RubisCO, in Microcystis 17 aeruginosa PCC7806. Immunofluorescence, electron microscopic and cellular fractionation 18 studies revealed a pronounced heterogeneity in the subcellular localization of RubisCO. At 19 high cell density, RubisCO particles are largely separate from carboxysomes in M. 20
Bloom-forming cyanobacteria are infamous for the production of toxins and constitute a 31 serious threat for humans and animals. Among the cyanobacterial toxins, microcystin (MC) 32 stands out as the most widely encountered type of toxin (Dittmann, Fewer, & Neilan, 2013 ; 33 Huisman et al., 2018). The toxicity of the cyclic heptapeptide was attributed to the inhibition 34 of eukaryotic-type protein phosphatases of the families PP1 and PP2A (Goldberg et al., 35 1995) . While exposure to MC is often fatal for animals, a primary role of MC as feeding 36 deterrent is increasingly under debate (Rohrlack, Dittmann, Borner, & Christoffersen, 2001) . 37 A phylogenetic analysis of MC biosynthesis genes from distant cyanobacterial genera 38 revealed that the genes were already present in the last common ancestor of all recent 39 cyanobacteria and hence prior to the evolution of eukaryotes (Rantala et al., 2004) . 40 Moreover, MCs are primarily intracellular toxins and the levels dissolved in water typically 41 do not exceed critical levels of toxicity . 42 43 Although MCs were incidentally detected in terrestrial ecosystems (Kaasalainen et al., 44 2012), there is a striking prevalence of these toxins in bloom-forming freshwater 45 cyanobacteria such as Microcystis, Planktothrix and Dolichospermum ; 46 Huisman et al., 2018). These genera belong to diverse subclades of the cyanobacterial 47 phylum, yet they share a number of common features. Species showing mass developments 48 in lakes often have the ability to migrate vertically in the water column thereby experiencing 49 fluctuating light conditions (Rabouille, Thebault, & Salencon, 2003) . This buoyancy 50 regulation is based on the presence of gas vesicles and the formation of multicellular 51 colonies or filaments. The phototrophic aggregates are extensively colonized by specific Besides MC, hallmark peptide families in bloom-forming cyanobacteria include 71 cyanopeptolin, aeruginosin, microginin, anabaenopeptin, and aeruginoguanidine (Pancrace 72 et al., 2018; Welker & von Dohren, 2006) . In contrast to secondary metabolites in other 73 microorganisms, the peptides are produced from the beginning of the logarithmic growth 74 and are primarily located inside the cells (Long, Jones, & Orr, 2001 ; Rapala, Sivonen, Lyra, 75 & Niemela, 1997). Each of the peptides is formed by a giant non-ribosomal peptide 76 synthetase assembly line, an individual bloom-forming strain thus encodes several of these 77 multienzyme complexes in parallel and devotes a large part of its resources to the production 78 of these specialized compounds (Welker & von Dohren, 2006) . (Meissner, Steinhauser, & Dittmann, 2015) . This phenotype 94 resembles the observed accumulation of oxygenase products of Rubisco in carboxysome-defect mutants of the model strain Synechocystis sp. PCC 6803 (Hackenberg et al., 2012) . 96 Metabolomic differences between M. aeruginosa PCC7806 and its MC-deficient mutant 97 were generally more pronounced under high-light conditions, the same conditions that 98 stimulate both the expression of MC biosynthesis genes and MC-binding to proteins 99 (Kaebernick, Neilan, Borner, & Dittmann, 2000) . Binding of MC to proteins was also 100 observed in field colonies of Microcystis, while in the laboratory it is only observed at higher 101 cell densities (Meissner, Fastner, & Dittmann, 2013; Wei et al., 2016) . 
Results

111
Dynamic subcellular localization of RubisCO in Microcystis
112
To evaluate whether the light-dependent dynamics in the accumulation of RubisCO products 113 in M. aeruginosa (Meissner et al., 2015) is due to changes in the subcellular localization of 114 the enzyme, we performed light shift experiments for up to 4 h with cells of the MC-producing 115 wild-type strain (WT) and the MC-deficient DmcyB mutant, which were pre-grown under low 116 light conditions at ambient air. Steady state levels of the immediate products of RubisCO, 117 3-phosphoglycerate (3-PGA) and 2-phosphoglycolate (2-PG) were determined using LC-118 MS. Levels of 3-PGA were around ten-fold higher in the WT strain compared to the DmcyB 119 mutant, both under low-light and high-light conditions (Fig. 1A) . 2-PG, on the other hand, 120 was continuously accumulating independent of the light conditions. Considerable amounts 121 of 2-PG were detected in the culture supernatant and were even exceeding intracellular 122 levels of the metabolite in the DmcyB mutant ( Fig. 1B ). Yet, the overall amount of the 123 metabolite was rather low and differences between WT and mutant strain were neglectable. 124 Collectively, these data indicate that the ratio between carboxylation and oxygenation 125 activity of RubisCO differs between the two strains, whereby the RubisCO carboxylase 126 activity is favoured in the MC-producing WT. 127 To assess whether the differences in the accumulation of 3-PGA in the MC-producing WT 128 and the ΔmcyB mutant are related to differences in the subcellular localization of RubisCO, 129 cellular protein extracts from both strains were separated into soluble and membrane 130 fractions using samples along the 4 h low-light to high-light time course ( Fig. 2A ). The quality 131 of the separations was verified using an antibody against the key protein of cell division, 132 FtsZ, that yielded signals in the soluble fraction, only ( Fig. 2B ). Unexpectedly, RbcL was 133 increasingly detected in the membrane fraction under high-light conditions leading to an 134 almost exclusive RbcL localization in the membrane fraction after 4 h high-light conditions 135 ( Fig. 2B ). The membrane-associated RbcL fraction could be mechanically detached by 136 sonication indicating that RbcL is only loosely associated with membranes in Microcystis.
137
Correspondingly, RubisCO activity was only measured in the fraction loosely associated 138 with membranes and not in the membrane fraction with tightly bound proteins after 139 detachment of RubisCO (Fig. S1 ). The relocation of RbcL from the cytoplasm towards the 140 membrane was more pronounced in the MC-producing WT than in the DmcyB mutant, in 141 which RbcL notably disappeared after 4 h high-light treatment (Fig. 2 C) . The same protein 142 fractions were also tested with an antibody against the major carboxysomal shell protein, 143 CcmK (see methods section for the generation of polyclonal CcmK antibody). This protein 144 was primarily detected in the cytosolic fraction as expected but increasingly appeared in the RbcS and MC were also frequently co-located at the inner thylakoid membrane ( Fig. 7M -P). 263 In contrast, RbcL only co-located with MC at the cytoplasmic membrane ( Fig. 7E-H) . We 264 hypothesize that de novo synthesized RbcS assembles near the MC biosynthesis machinery 265 at the thylakoids and forms distinct RbcS species that separate from RbcL in Microcystis.
266
Although MC was occasionally detected at the periphery of cells, we further conclude that 267 RbcS rather than RbcL is a primary binding partner of MC. Anabaena oscillaroides, again, has even demonstrated a predominant CO2 fixation activity 360 in spots underneath the cytoplasmic membrane suggesting that other cyanobacteria than 361 Microcystis may also concentrate RubisCO carbon-fixation activities at the periphery of cells 362 (Popa et al., 2007) . Collectively, these studies suggest that the CCM may not solely rely on 363 RubisCO in carboxysomes in these multicellular collectives. The assembly process of both (Fig. 1) . 389 Our study further provides evidence for a close connection of RubisCO with a membrane-390 bound and a soluble Calvin-Benson cycle enzyme super complex further converting the 391 RubisCO carbon-fixation products. As PRK was also detected underneath the cytoplasmic 392 membrane (Fig. S4) , the Calvin-Benson cycle is likely also intimately associated with 393 RubisCO residing at the cytoplasmic membrane. The advantage of juxtaposing sequentially 394 acting enzymes in proximity of membranes that limit unwanted diffusion of intermediates in isolated Microcystis colonies were exposed to Ci-limiting conditions (Paerl, 1983) . 
Material and Methods
445
Cultivation conditions 446 Microcystis aeruginosa PCC7806 was cultivated in liquid BG-11 medium (Rippka, 1988) . 447 Chloramphenicol in a final concentration of 3 µg/ml was added to BG-11 for cultivation of Rad). It is of note that we observed SDS-stable oligomers of RbcS and CcmK in both WT 523 and mutant protein fractions. In order to fully quantify the two proteins, the corresponding 524 protein gels were thus treated with 4M urea (Fig. 2B) . We did not observe cross-reactivity of 
